Background: Enterovirus 71 (EV-A71) shows a potential of rapid death, but the natural history of the infection is poorly known. This study aimed to examine the natural history of EV-A71 infection.
Background
Recently, the enterovirus 71 (EV-A71) has been considered as the second most significant neurotropic enterovirus, next only to poliovirus [1] . EV-A71 infection may rapidly lead to fatal pulmonary edema [2] . During the 2008 outbreak of hand, foot, and mouth disease (HFMD) in mainland China, EV-A71 was responsible for 45% of mild cases, 80% of severe cases, and 93% of fatal cases [3] . In cases of EV-A71 infection, the median time from symptom onset to death has been reported to be 3.5 days and only 0.5 day between diagnosis and death [3] . During this outbreak, most (93%) of the non-surviving patients were confirmed to be infected with EV-A71 and some of these patients died before laboratory results were back, the median time between diagnosis and death being 0.5 day [3] . Neuroimaging and laboratory testing may not offer a practical assessment in severely affected patients in the general clinical settings since results will be obtained after dramatic outcomes. Hence, diagnosis and evaluation of severity based on clinical observation is of great value. It has been well shown that neurological system involvement plays an important role in the rapid progression to death. However, due to the complexity of symptoms and onset timing, there is a lack of comprehensive knowledge about the association between clinical manifestations and disease progression.
Analysis of the 1998 Taiwan EV-A71 HFMD outbreak showed that complications included encephalitis, pulmonary edema or hemorrhage, aseptic meningitis, myocarditis, and paralysis were associated with EV-A71 infection [4] [5] [6] . Analyses of the 1997 and 2000 Malaysia outbreaks revealed similar complications and causes of death among children infected with EV-A71 [7] . Earlier studies also revealed that neurological involvement was frequent in EV-A71 infection [8, 9] . A review of the literature showed that symptoms could be classified into prodromal indicators, vague indicators, dyskinesia, autonomic dysfunction, and disturbance of consciousness [10] [11] [12] .
Therefore, this prospective observational study was carried out to characterize the various symptoms of EV-A71 infection and to explore the associations between clinical manifestations and their indications for disease severity and progression.
Methods

Study design
This was a prospective, longitudinal observation aiming to record the clinical manifestations and onset timing of cases with severe EV-A71 infection. A study board consisting of pediatricians, pediatric neurologists, and HFMD specialists of the National Health and Family Planning Commission of The People's Republic of China, and experts of the National Clinical Research Center for Respiratory Diseases and of the Institute of Neuroscience of Guangzhou Medical University was organized in 2008. By reviewing case records of HFMD from our experience as well as from previous studies [10] [11] [12] , 91 symptoms and signs associated with EV-A71 infection were listed and used as observational indicators. Standard forms were created to record the manifestations and timing of progression. All participating pediatricians were specifically trained to use the standard form to record symptoms and signs of suspected cases of EV-A71 infection. The time at the appearance of the first observed symptom or sign among those 91 indicators was defined as the onset of illness. The occurrence and duration of various symptom and signs were recorded in terms of hours. Treatment of the severe cases was made according to the available national guidelines (http://www.gov.cn/gzdt/2008-05/ 03/content_960347.htm, which is similar to an English version from Hong Kong: http://www.dh.gov.hk/chs/ useful/useful_ld/files/ltod20070523.pdf ). This study was approved by the Ethics Committees of all three participating hospitals. Written informed consent was obtained from the legal guardians of the patients.
Cases of EV-A71 were observed between January 1 st and October 31 st , 2012 at three hospitals: the Guangzhou Women and Children's Medical Center Affiliated to Guangzhou Medical University and Sun Yat-sen University, the Dongguan Taiping People's Hospital, and the Zhongshan People's Hospital, all of which are major treatment centers of HFMD in the coastal cities of the Guangdong province. The three centers are located in the core area of the Zhujiang Delta, where it is dominated by the monsoon climate from the South Asian Ocean. This region presents a high HFMD incidence. Autopsies were performed at the Forensic Medical Identification Center of Sun Yat-Sen University.
Participants
Patients <14 years old with suspected EV-A71 infections (patients with HFMD or patients without rash or herpangina but with neurological symptoms) were screened by real-time PCR using a throat swab sample, as previously described [13] . Subjects with positive EV-A71 RNA laboratory test results (ABI 7300 real time fluorescence quantitative PCR; Ct value <34.9 was considered positive) were then included; any patients positive for EV-A71 in combination to any other virus were excluded. The exclusion criteria were: 1) tested positive for any pathogens other than EV-A71 (including any other enterovirus or CoxA16); 2) trauma; 3) intoxication; 4) received any vaccine within 4 weeks (to exclude patients with increased susceptibility to EV-A71 because of immune reaction to the vaccine or confounding symptoms from the vaccine); or 5) other central nervous system (CNS) diseases such as cerebral palsy or intracranial space-occupying lesion. Therefore, 288 patients were included. The legal guardians signed the consent forms. MRI or autopsies were performed in some participants with the permission from the patients or their legal guardians.
Patient assessment
Patients were triaged in a standard manner, which determined the interval of the clinical assessments. Critical patients were continuously monitored. Emergency patients were assessed at 15-min intervals. Urgent patients were assessed at 15-30 min intervals. There was no non-urgent patients in the present study.
Magnetic resonance imaging
MRI was performed using a PHILIPS Achieve 1.5 T (Philips, Best, The Netherlands). One senior radiologist and one senior neurologist analyzed the MRI scans.
Statistical analysis
Descriptive statistics were used to interpret the patterns of the 91 observational factors and the sequences of occurrence. The Student's t-test was used to detect differences in occurrence timing of each symptom. Correlations were assessed using the Pearson's test. Statistical analyses were performed using SPSS 22.0 (IBM, Armonk, NY, USA). Two-sided P-values <0.05 were considered significant.
Results
General characteristics
Between January 1 st and October 31 st , 2012, 288 inpatients with confirmed severe EV-A71 infection were registered in the three participating hospitals, including seven (2.43%) fatal cases. The patients were classified as severe if they experienced any neurological complications (encephalitis, acute flaccid paralysis, and/or autonomic nervous system dysregulation) and/or cardiopulmonary complications (pulmonary edema, pulmonary hemorrhage, and/or cardiorespiratory failure); otherwise, they were categorized as mild cases. There were 188 males and 100 females, with a median age of 25 months (range: 6-123, IQR: 17-36); 161 (55.9%) patients were from urban areas and 127 (44.1%) were from rural areas. Among the 288 patients, 274 (95.1%) were diagnosed with HFMD or herpangina, and the remaining 14 (4.9%) were diagnosed with neither but were positive for EV-A71 RNA and with neurological symptoms.
Seven (2.43%) patients died within 5 days after onset; these patients were aged 27.7 ± 13.2 months. The median time from onset to death was (77 h range: 32-105, IQR: 32-82). There was no difference in gender, age, weight, and demographic distribution between dead and surviving patients. Among the survivors, 258 were fully recovered, and 23 had slight neurological symptoms/ signs when they were discharged from the hospital; 19 of them were followed up from 2 to 20 weeks, and none of them was found neurological sequelae.
Neurological clinical progression
Recorded clinical manifestations and timings are listed in Table 1 . Four items of prodromal symptoms were observed and seven symptoms including dizziness, palpitations, locomotors ataxia, eyes cohesion, paradoxical respiration, ptosis, and hemidrosis were not observed among our patients. Fever, rash, herpangina, startles, and myoclonic jerks/ tremors were observed among more than half of the 288 cases; nearly 40% of cases showed fatigue and 25% showed vomiting. Among all severe cases, the common symptoms and signs included movement disorders (emotional movement disorder, dyskinesia, involuntary movement), autonomic dysfunction, and disturbance of consciousness.
Among the dyskinesia indicators, emotional movement disorders were the major symptoms of dyskinesia: 211 patients (73.3%) had startles, which appeared within 30.0 ± 23.0 h as the first single symptom. Anxiety occurred in 39 patients (13.5%) and occurrence time was 40.1 ± 31.1 h. Dysphoria was observed in 17 patients, 14 with fright, two with gibberish, and one with mania. Muscle strength and muscle tone disorders were the most common symptoms of limb/muscle movement disorders. There were 162 patients (56.3%) with myoclonic jerks or tremors occurring within 33.3 ± 23.0 h, including one case of galloping tongue. There were 22 patients with acute flaccid paralysis, 12 of them involving all extremities, and 10 in the upper or lower limbs. For abnormal eyeball movement indicators, nystagmus was presents in 16 patients (5.6%) and appeared within 51.8 ± 28.5 h; 10 patients showed eyeball ataxia occurring within 57.6 ± 31.7 h; eight patients showed autokinetic eyeball within 43.8 ± 18.3 h after onset. In abnormal pupil movement indicators, abnormal light reflex was found in five cases. Pharyngeal reflex was absent in eight patients (2.8%) within 63.9 ± 34.7 h.
More than half of the patients had various levels of disturbance of consciousness. Fatigue/sleepiness (patients complain of fatigue or show disinclination to talk, decreased locomotors activity, decreased mental activity level, or sleepiness compared with their usual state) was found in 115 patients (39.9%), occurring within 44.0 ± 26.5 h, most of them complaining of sleepiness and less movements; somnolence was present in 25 patients (8.7%). There were 17 patients with different levels of coma.
Autonomic dysfunctions were the most common symptoms and signs in the seven fatal cases, but were not very common in the other severe cases (all P < 0.05). Twentyeight patients (9.7%) presented poor peripheral perfusion within 53.4 ± 26.1 h, including capillary refill time (CRT) extension occurring in 27 patients (9.4%) within 52.9 ± 25.4 h; 25 patients showed clammy skin, pale skin in 13, and mottled skin in 12. In the seven fatal cases, poor peripheral perfusion occurred in the early stages (Table 4) .
For the circulatory system, 15 patients (5.2%) had different kinds of arrhythmia within 57.8 ± 38.8 h. There were 12 patients (4.2%) with tachycardia within 49.6 ± 26.3 h, and seven had excessive tachycardia within 58.1 ± 23.2 h; five of them died (P = 0.001). Refractory shock was observed in nine patients (3.1%), and occurred within 59.9 ± 23.7 h (P < 0.001).
For the respiratory system, irregular respiratory rhythm was observed in 19 patients (6.6%) within 60.1 ± 27.1 h, and seven of them died (P = 0.001). Sixteen patients presented tachypnea within 49.1 ± 27.7 h. Eight patients were with hyperventilation within 57.5 ± 35.1 h. Pulmonary edema and/or hemorrhage was observed in 23 patients (8.0%), which appeared within 62.9 ± 28.6 h; seven of them died (P = 0.001).
Exceped the prodromal symptoms, the 50 symptoms/ signs with the highest frequency are shown in Table 2 , all of which being possibly related to neurological dysfunction. There was no significant difference in the occurrence timing of diverse symptoms/signs such as between myoclonic jerks and tremor and seizures (P = 0.512), persistent hyperpyrexia and anxiety (P = 0.997), persistent hyperpyrexia and fatigue/sleepiness (P = 0.904), fatigue/sleepiness and fright (P = 0.216), fright and dysphoria (P = 0.567), or nystagmus and CRT extension (P = 0.543).
Common neurological symptoms/signs in non-surviving patients
Among the seven non-surviving cases (2.43%), six were from rural areas, and four were male. The median age of death was 29 months (IQR: 12-36; six cases were ≤3 years old) and the patients weighed 12.14 ± 2.12 kg (median: 13, range: 10-15). The median time from onset to death was 77 h (range: 32-105, IQR: 32-82). All dead patients had neurological symptoms/signs (all P < 0.05). Among the 42 symptoms/signs (Additional file 1), 39 were neurological symptoms/signs and they occurred earlier in patients who ultimately died than in survivors (all P < 0.05). It could be summarized that the usual progression was fever, fatigue/sleepiness, poor peripheral perfusion, abnormal respiratory rhythm, pulmonary edema and/or hemorrhage, refractory shock, and death (Table 3) . Some of the symptoms occurring in fatal cases were not present in surviving patients. Using the Pearson analysis, correlations were identified between the timing of neurological symptoms/signs and death (Table 4 ). The duration between the occurrence of these symptoms/signs and death was 13.3 ± 11.0 h (95%CI: 3.16-23.41). Because of the rapid progression of the fatal cases, they had no chance to undergo MRI before death. The symptoms/signs presented in Table 4 were named "the fatal neurological symptoms/signs (FNS)" because when these symptoms/signs occurred, rescue became difficult and the patients died shortly after, usually within 13.3 h. The FNS included autokinetic eyeball (non-surviving, n = 4; total, n = 8, 50.0%), eyeball ataxia (4/10, 40.0%), severe coma (6/6, 100.0%), respiratory rhythm abnormality (7/19, 36.8%), decreased or absent pharyngeal reflex (5/8, 62.5%), ultrahyperpyrexia (3/5, 60.0%), excessive tachycardia (5/7, 71.4%), pulmonary edema and/or hemorrhage (7/23, 30.4%), refractory shock (7/9, 77.8%), and ataxic respiration (4/6, 66.7%) (all P < 0.05) ( Table 4) .
There were two cases of persistent excessive tachycardia and hyperthermia within 8 h of death. Four patients received pediatric advanced life support (PALS) and died 3-4.4 days after illness onset; three of them experienced excessive tachycardia and hypertension recurring 5 to 23 h until death. It should be noticed that five of the surviving patients and one non-surviving patient were not in a coma before pulmonary edema. The mortality from pulmonary edema was the last cause in the FNS in our study.
In order to determine if some factors could indicate the eventual progression to the FNS, time-correlations between the occurrence of the FNS (any component) and other symptoms/signs were analyzed using the Pearson correlation analysis. CRT extension, fatigue/sleepiness, tachycardia, anxiety, hyperventilation, vomiting, persistent hyperpyrexia, myoclonic jerks/tremors, nystagmus, startles, dysphoria, and fright were time-correlated with FNS (all P < 0.05). This suggests that patients who developed these symptoms/signs were prone to develop the symptoms/signs of the FNS. Table 5 presents the timing of fatal symptoms/signs with other symptoms/signs among seven non-survivors after EV-A71 infection with neurological involvement. It suggested that the symptoms/signs associated with FNS appeared earlier than the occurrence of the FNS symptoms.
MRI findings
Because of rapid death, MRI could not be performed in non-surviving patients. Among the surviving patients, 77 underwent head and spinal cord MRI examination, and MRI was abnormal in 37.7% (29/77) of patients. The affected neural structures included the thalamus, basal ganglia, midbrain and rhombencephalon, and spinal cord (Table 6 ). Among them, there were 65.5% (19/29) cases with pathological changes of the brain stem; 17.24% (5/29) with changes in the telencephalon/meningeal. Abnormal signals were also found in the midbrain, pon, medulla oblongata, basal ganglia, globus pallidus, and olive (Fig. 1) ; 10.34% (3/ 29) with changes in spinal cord/meninges, of which one was Among patients with telencephalon/meningeal changes, five cases showed startles and fatigue/sleepiness, four with vomiting, four with myoclonic jerks/tremors, three with persistent hyperpyrexia, three with mental disorders, and even disturbance of consciousness and central respiratory disorders.
Among the cases with MRI changes in the brain stem, disturbance of consciousness or mental disorders were not found, but startles, myoclonic jerks/tremors, 
Autopsy findings
Two fatal cases revealed neuronal necrosis, softening, perivascular cuffing, colloid, and the neuronophagia phenomenon in the brainstem (Figs. 4 and 5) . They had pulmonary hemorrhage without inflammation. Cardiac specimens showed breakage or undulatory array of some myocardial fibers without inflammation, necrosis, or hemorrhage. There were no pathological changes in other organs.
Discussion
Among the severe cases of EV-A71 infection identified in the present study, neurological symptoms and signs occurred at each stage, which confirmed the neurotropic nature of EV-A71. Some of the symptoms such as myoclonic jerks/tremors and vomiting related to EV-A71 infection could not be related to damages in specific neural region [14] [15] [16] . However, in view of the observations, the symptoms could be generalized into two groups according to the neural structures involved: motor-control, involving the thalamus, basal ganglia, midbrain and rhombencephalon, spinal cord and ventral roots; and autonomic nerve system. The former was more frequent among surviving patients, and the latter mostly occurred in fatal cases [17] . Referring to the relevant literatures, SCARB2 is essential for neurological involvement with EV-A71 infection [18] [19] [20] [21] [22] . EV-A71 binds to myelin SCARB2, which induce degranulation and neuron damage [19, 20] . Nagata et al. [15, 17, 23] , in a macaque model of EV-A71 infection, showed that damaged neural area included limbic system, pyramidal system, extrapyramidal, and autonomic nerves. By binding to SCARB2 receptors on myelin of these regions, EV-A71 can attack the brainstem in a few hours through reverse axonal transport [14, [24] [25] [26] . Autopsy studies showed that the brain, especially the brain stem, was most severely involved [27] [28] [29] [30] . Neurons in areas of inflammation and tissue necrosis have been shown to be positive for EV A71 by immunohistochemistry [31] . These findings were similar to the MRI and autopsy findings of the present study, and could explain the neurological manifestations. Nevertheless, additional studies are necessary to determine whether myelin structures provide a direct neural pathway for EV-A71 invasion.
In the present study, the age distribution (median: 25 months; IQR: 17-36) was not only similar to a large study from China [2] , but also to a number of previous studies [3, 4, 7] . Whether the age distribution of severe vulnerability is related to active myelination [24, [32] [33] [34] [35] [36] [37] , will have to be confirmed in a future study.
It has been suggested that the duration from onset to present neurological symptoms also depends on the velocity of reverse axonal transportation, the length of motor nerve and the characteristics of the virus including its virulence, mode of spread and transmission. In the present study, seven patients died within 5 days after onset with autonomic dysfunction. All of them developed subsequent irregular respiration, pulmonary edema/hemorrhage, and refractory shock. The rapid progress of fatal cases might be explained by the direct EV-A71 invasion of the medulla oblongata via the cranial nerve (CN). The autopsy showed that the cause of death was acute central nervous failure after brain stem encephalitis. Two dead patients showed neuronal necrosis, softening, perivascular cuffing, colloid, and neuronophagia phenomenon in the brainstem. The brain and cerebellum lesions were very similar. Pulmonary necrosis and inflammatory cell infiltration were not observed, suggesting that they had pulmonary hemorrhage without inflammation. Cardiac specimens showed breakage or undulatory array of some myocardial fibers without inflammation, necrosis, or hemorrhage. There were no pathological changes in other organs. Therefore, the pathologists confirmed that these patients died of acute central nervous system dysfunction caused by brainstem encephalitis.
The occurrence timing of some neurological symptoms or signs that indicate nerve lesions was not different between the survivors and non-survivors. Therefore, it may be hypothesized that the virus invasion path may go through multiple neural pathways or different cranial nerve fibers, but this will have to be confirmed. Six cases presented pulmonary edema/hemorrhage without coma, and one of them had abnormal MRI signals in the spinal cord and spinal roots without abnormal change in brain. This phenomenon might be related to the direct attack on the medulla oblongata, spinal cord or sympathetic trunk, without involving awakening centers [38] . The positive MRI findings were consistent with the clinical manifestations, including findings similar to those of poliovirus-associated poliomyelitis [39, 40] and EV-A71 infection [41] . Further studies should focus on the analysis of the pathological changes in motor nervous fibers, pyramidal, extrapyramidal tract, autonomic nerves, spinal roots, spinal cord, and each relevant motor nucleus in the brain. EV-A71 immunohistochemistry, viral load and immunohistochemistry of EV-A71 in muscles, airway, and intestinal tract should be assessed. Data of the present study showed that when FNS occurred, patients could die in a short time. Clinicians need to pay great attention to these symptoms/signs. FNS are mainly symptoms caused by damage to the medulla oblongata, including autokinetic eyeball, eyeball ataxia, severe coma, respiratory rhythm abnormality, decreased or absent pharyngeal reflex, ultrahyperpyrexia, excessive tachycardia, pulmonary edema and/or hemorrhage, refractory shock, and ataxic respiratory.
Among the patients that underwent MRI examination in the acute phase, patients with positive MRI results showed some neurological symptoms and signs. On the other hand, in the present study, 62.3% of patients had normal MRI results, while patients with encephalomyelitis may have lesions of both the brainstem and the spinal cord. This delay could be associated with MRI time lag in acute neurologic injury or necrosis [42] [43] [44] , i.e., that MRI findings may lag behind the occurrence of clinical manifestations, or that slight neurological damage does not lead to changes in imaging. DWI could be tried to improve early detection rates [45, 46] . After the initial acute illness, some lesions on follow-up MRI examinations have been shown to persist during follow-up, but some patients have no neurological sequelae, and the visualized lesions often disappear after treatment [47] [48] [49] [50] . Nevertheless, the MRI findings may help for management and prognosis [49, 50] .
The severe EV-A71 infected patients might deteriorate and even die in a short time, therefore hindering practice of neuroimaging. In addition, some uncertain factors affected the implementation of MRI in early phase, such as parent's wishes, equipment condition, patient tolerance and checking-time selection. Primary assessments based on symptoms and signs are advantageous in these circumstances [51] . Because of rapid death, MRI could not be performed in non-surviving patients, but it could be used to determine long-term prognosis in survivors. In the presence of autokinetic eyeball, eyeball ataxia, severe coma, respiratory rhythm abnormality, decreased or absent pharyngeal reflex, ultrahyperpyrexia, excessive tachycardia, pulmonary edema and/or hemorrhage, refractory shock, and ataxic respiratory, severe damage to the medulla oblongata should be suspected, and physicians should be reminded that the patient could die very soon.
The results of the present study could be used to propose a staging system for severe EV-A71 infection. We regarded patients with FNS as Stage 2c (Fig. 4) , which requires PALS. There were four indicators with timecorrelation with half of the symptoms of FNS, and close to the occurring-time of FNS; this stage was named Stage 2b (PALS warning period), including CRT extension, tachycardia, hyperventilation, and nystagmus. These patients need intensive treatment, or PALS when deteriorating. This PALS warning stage is the most critical for clinical early assessment. Patients in this stage should be assessed every 30 to 60 min. Eight other indicators had time-correlation with less than half the symptoms of FNS, and far from the occurring-time of FNS; this stage was named Stage 2a (medical observation period), when startles, myoclonic jerks/tremors, vomiting, anxiety, fatigue, dysphoria, fright, or persistent hyperpyrexia appeared to imply nervous system involvement, and the patients need Taiwan summarized the epidemiology and clinical features of EV-A71 infection and showed that nervous system involvement was an important factor in critically ill patients [47] . China mainland also obtain similar data during the outbreak of HFMD in 2008. Based on these clinical findings and our previous clinical observations, the present study refined the neurological observations and analysis, leading us to propose a clinical staging. The Taiwanese clinical staging of EV-A71 infection in Taiwan (from 1999 to 
Limitations
This study has some limitations. First, the cases were only from coastal cities in the Guangdong Province, and the generalisability might be challengeable. In addition, the sample size was small, precluding any reliable calculation of sensitivity and specificity. Secondly, we only interpreted the observation and analysis of the clinical facts. The present facts supported that neurological symptoms were valid for early assessment. Thirdly, due to ethical reasons, autopsy only confirmed the major cause of death, and we could not perform a comprehensive and exploratory autopsy; thus, brainstem lesions could not be explained as an independent reason for fatality. There could be a slight difference between the time of symptom onset and the time of symptom observation, but this difference was of maximum 15-30 min. 
